We investigated regulation of the cardiac L-type calcium channel by intracellular ATP and by a,-adrenergic agonism using single adult guinea pig ventricular cells and the wholecell patch clamp method. Inclusion of 5 mM ATP in the patch clamp pipette prevented calcium current rundown but did not increase the maximal magnitude of the slow inward calcium current (Ic). During 1I-adrenergic blockade with 10 pM (-)-propranolol, cells preincubated with 1 pg/ml pertussis toxin for 2-5 h exhibited a rapid twofold increase in Ic. after rupture of the membrane patch when 5 mM ATP was present in the patch clamp pipette. In the absence of ATP, the increase in IC1 did not occur. In pertussis toxin-treated cells, 100 pM (-) phenylephrine inhibited the augmentation of 1c0. This inhibitory effect was blocked by 100 nM terazosin, a selective a1-antagonist. The inhibitory effect of a1-adrenergic agonism was not mediated by cAMP-dependent phosphodiesterase since incubation with 100 ,uM (-)-phenylephrine did not augment the activity of this enzyme. We conclude that regulation of the L-type calcium channel in cardiac cells is complex, and is dependent on a pertussis toxin-sensitive substrate, ATP, and an a1-adrenergic receptor. The marked increase in Ic after pertussis toxin treatment in the presence of ATP indicates significant inhibition of Ic, by a pertussis toxin substrate, presumably the guanine nucleotide inhibitory protein (Gi) in the basal state. The inhibitory action of (-)-phenylephrine in pertussis toxin-treated cells is consistent with modulation of IC, by an a1-adrenergic receptor not coupled to GQ. (J. Clin. Invest. 1990. 85:950-954.) adenosine triphosphate -a1-adrenoceptor -calcium current* pertussis toxin
Introduction
In cardiac cells the slow inward calcium current (Ica)' or Ltype current is involved in action potential generation, activation of the pacemaker current in nodal tissue, and the initia-tion of contraction (1) . There is abundant evidence that this current is modulated by norepinephrine and acetylcholine released at nerve endings (2, 3) . In dorsal root tissue, norepinephrine inhibits the calcium-dependent action potential by means of a reduction of Ic. by the neurotransmitter. There is indirect evidence that this antagonist effect occurs via an aadrenergic receptor coupled to a G protein, probably the guanine nucleotide inhibitory protein (GQ), resulting in activation of protein kinase C through the phosphatidylinositol pathway (4) (5) (6) . Although the antagonist effect of a-adrenergic stimulation is well established in neuronal cells, the influence of aladrenergic agonism on the cardiac Ic. is controversial; both an increase (7) or no effect have been reported (8) (9) (10) . Recent observations in our laboratory indicate that in neonatal rat ventricular myocytes, the a1-adrenergic receptor acting via a pertussis toxin-sensitive substrate, presumably Gi, is linked to inhibition of cAMP metabolism (1 1). Based on these preliminary data, we sought to determine whether a1-adrenergic agonism had a similar effect on the cardiac ICa and if so, whether a pertussis toxin-sensitive G protein is a component of this signal transduction mechanism. We here report that (a) pretreatment ofadult guinea pig heart cells with pertussis toxin results in marked augmentation of ICa; (b) this increase occurs only in the presence of exogenous ATP; and (c) stimulation of the a1-adrenoceptor prevents the increase in Ica produced by pertussis toxin. Measurement ofphosphodiesterase activity. Cyclic AMP phosphodiesterase activity was measured as previously described (16, 17) . Single ventricular myocytes were enzymatically isolated by the method described above from eight guinea pigs. The average yield of clear rod-shaped cells was 46±14% (mean±SD). Cells were incubated in minimal essential medium and 10MM (-)-propranolol for 2 h at 37°C with (a) 100MM (-)-phenylephrine. (b) 1 Mg/ml ofpertussis toxin, and (c) 100 MM (-)-phenylephrine and 1 Mg/ml of pertussis toxin before phosphodiesterase activity was determined. Each determination was performed in triplicate.
Methods

Results
A TP and cardiac calcium current. Initial experiments were directed toward evaluating the stability of the preparation in the presence and the absence ofATP since it is well known that inclusion of millimolar amounts of ATP in the suction pipette prevents Ic. rundown during single-cell voltage-clamp experiments (18) . The ability of ATP to prevent ICa rundown is illustrated in Fig. 1 , a and b. When 5 mM ATP was present in the pipette, maximum Ic. amplitude in response to a depolarizing step to 0 mV remained stable for at least 38 min after rupture of the membrane patch. This figure also illustrates a more important feature for the present study, i.e., there was no increase in the magnitude of Ic. even when exogenous ATP was readily available. This lack of effect of ATP on ICa is illustrated in Fig. 1 Tonic inhibition of calcium current. In cardiac myocytes direct application of cAMP stimulates ICa (19) (20) (21) . Since adenylyl cyclase activity is under the dual control of the guaa. (Fig. 2) . In the presence of 5 mM ATP in the pipette, cells pretreated with pertussis toxin demonstrated a large surge of ICa which reached a peak of 236% above control -5 min after membrane patch rupture (Fig. 3, a and b) . The current then gradually declined over the next 35 min. This is in sharp contrast to the control cell shown in Fig. 1, a and mean maximum Ic. was 1,520±906 pA at 0.5±0.1 min after rupture of the membrane patch to achieve the whole-cell voltage clamp configuration (Fig. 3 c) . It increased to 3,028±1,829 pA at 7±1 min. After 23±2 min the current amplitude decreased to 1,644±729 pA. The augmentation ofICa in pertussis toxin-treated cells occurred only if exogenous ATP was available in the patch pipette. In the absence of exogenous ATP there was no enhancement or variation in ICa amplitude with time (Fig. 3 a) .
Effect ofa,-agonism on the augmented calcium current. We asked whether an a1.-adrenergic agonist could modulate Ica in our system and whether this effect depends on the presence of Gi and ATP. As shown in Fig. 4 , with 5 mM ATP in the pipette, 100 ,M (-)-phenylephrine in the presence of 10 AM (-)-propranolol totally inhibited the rise in Ica produced by pertussis toxin. This effect was completely reversed by 100 nM terazosin, a selective a,-adrenergic antagonist (Fig. 4) . When compared to control, incubation with 100 MM (-)-phenylephrine did not increase cAMP-dependent phosphodiesterase activity. In addition, none of the other two treatments significantly altered the enzyme activity (one-way analysis of variance with repeated measures; F = 2.41, P > 0.05, n = 8).
Discussion
Occupation of ,3-adrenergic receptors by norepinephrine results in coupling of these receptors to G., leading to activation of adenylyl cyclase and subsequently of cAMP-dependent protein kinase which is involved in calcium channel phosphorylation; cholinergic agonism inhibits this response (2, 3, 23) . Calcium channel phosphorylation enhances ICa either by an increase in the number of functionally available channels (2, 24) or by an increase in the probability that an individual channel will open at any given voltage (25) . A family of GTPsensitive proteins modulates the interaction between stimulatory and inhibitory cell membrane receptors and a variety of second messengers, including cAMP, inositol trisphosphate, protein kinase C, and diacylgylcerol (26, 27) . The influence of G proteins on the calcium current is complex and depends on the cell studied (for a review, see Rosenthal et al. [27] ). Direct a. configuration, an observation which has not 1 reported. As indicated in Fig. 3 .se data do not had no effect on Ic (9) .
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